We have investigated the magnetic properties of electroplated nickel nanowires with very distinct nanostructures, which are obtained by simply changing the plating temperature of the electrolyte. Low temperature ͑40°C͒ resulted in larger average grain size comparable to the diameter of the wires, whereas higher temperature ͑60°C͒ revealed self-similar morphology composed of nanogranules. For low temperature samples, a two stage magnetization process is evident in the easy axis direction where grain size is comparable to wire diameter. In contrast, for high temperature samples, nanowires are formed by an agglomeration of particles with average diameter of about 22 nm. In this case each individual particle behaves as a single domain and thereby magnetization reversal occurs by the switching of an ensemble of randomly oriented particles and magnetization saturates quickly with applied field. In the present case, with the high density of disorder caused by the self-similar morphology of the nanogranules, we suggest that the switching mechanism of the magnetization occurs by localized coherent rotation, resulting in lower coercivity. This delineates first experimental evidence of three dimensional cooperative magnetic interactions among the nanogranules within self-similar morphology of nanowires in both parallel and perpendicular wire axes.
I. INTRODUCTION
Magnetic nanowires are a subject of topical interest due to their potential application as high density data storage and magnetic sensors and also due to their intricate magnetic properties. Among them, nickel nanowires were investigated by several groups mainly focusing on the correlation between the dimension of the wire and the hysteresis behavior, 1-3 effect of electrodeposition process parameters such as pH of the solution 3 on crystallographic orientation, and micromagnetic simulation to investigate the magnetic interaction of the nanowires embedded inside hexagonal arrangements. 4, 5 However, the effect of deposition parameters such as temperature of the electrolyte on the structural morphology of nanowires and how they influence the magnetic properties were not studied in detail, though it was reported that different bath temperatures allowed different crystal orientations inside the nanowires and resulted in different grain sizes. 6 Skomski et al. studied the effect of grain size on the magnetic properties in polycrystalline nanowires and proposed a model for magnetic phase diagram of nanowires. 7 Most of these nanowires have an average diameter ranging from 5 to 50 nm. 8, 9 This paper describes the effect of deposition temperature on the grain morphology of nickel nanowires and its influence on the magnetic properties of the nanowires embedded inside nanochannel alumina ͑NCA͒ templates which were not reported before.
II. EXPERIMENTAL
For deposition inside the pores of NCA templates, the one side of the template was first deposited with a conductive 500 nm aluminum using evaporation method. Ohmic contact to the substrate was made using Radionics silver conductive paint on, which has a volume resistivity of 0.001 ⍀ cm when fully hardened. The schematic of Fig. 1 shows the electroplating setup for the deposition of Ni nanowires inside alumina templates. A bath comprising of 53.643 g l −1 NiSO 4 ·6H 2 O and 30 g l −1 H 3 BO 3 was prepared. De-ionized water with resistivity ϳ18 M⍀ was used to prepare the solution. The pH of the solution was adjusted to 2.5 with addition of H 2 SO 4 and stirred at a constant rpm of 660. The nickel nanowires were prepared inside the NCA template having three different nominal pore diameters of 200, 100, and 20 nm. The electrolyte temperature was maintained at 40 and 60Ϯ 0.2°C to prepare two batches of samples ͓henceforth regarded as "low temperature" ͑40°C͒ and "high temperature" ͑60°C͒ samples͔ using an ETS D-4 a͒ Author to whom correspondence should be addressed. Fuzzy IKA WERKE temperature controller. The bath was operated at a current density of 10 mA cm −2 . After deposition, the samples were thoroughly rinsed with de-ionized water and dried with nitrogen gun.
In terms of current efficiency, it is evident that the current efficiency is higher while depositing from high pH electrolyte at all cathode current densities. 10 An investigation was carried out to investigate the effect of pH on nickel deposits. Increasing the electrolyte pH from 2 to 3.5 while improving the current efficiency was detrimental to the deposit morphology. Cracking, curling, and the appearance of a second phase, an oxide or hydroxide, also accompanied with the increase in electrolyte pH. A low pH value of 2.0 did have a high quality deposit when both the temperature and nickel ͑Ni 2+ ͒ concentration were kept at 40°C and 40 g l −1 , respectively, but the current efficiency decreased to 71%. 11 Therefore, the pH of the bath was set to 2.5 and it showed high quality of deposit.
The pore filling of nickel was investigated by Hitachi S4000 scanning electron microscope ͑SEM͒. Transmission electron microscope ͑TEM͒ was used to study the nanostructure of the nickel wires. Cross section of the samples was prepared by focused ion beam ͑FIB͒ milling for TEM observation. The grain size distribution was obtained by counting and measuring the grain diameters from micrograph using ImageJ software. For further estimation of overall grain size and crystal orientation X-ray diffraction ͑XRD͒ measurements were carried out using a Philips PW3710 diffractometer with Cu K␣ 1 radiation, having a wavelength of 1.540 56 Å. The magnetic properties were investigated using a MPMS XL5 Superconducting quantum interference device ͑SQUID͒ with an applied field up to 5 T.
III. RESULTS AND DISCUSSION
Commercially available NCA samples named Anodisc™ 25 by Whatman plc© having three different nominal pore sizes ͑200, 100, and 20 nm͒ called NCA200, NCA100, and NCA20, respectively, are used in the present study. In order to measure the average pore size of NCAs, SEM images were analyzed with image analysis software named QUARTZ PCI-IMAGE MEASUREMENT SYSTEM. For NCA200, the average pore diameter on the "filtration side" is 209.4 nm whereas that on the "reverse side" is 308.5 nm. There is a deviation from circularity for most of the pores. 12 The average pore diameter for NCA100 is found to be 112 nm on the filtration side and 242 nm on the reverse side, whereas for NCA20 the average pore diameters on the filtration and the reverse side are 30 nd 202 nm, respectively. This heterogeneity in the pore structure of the NCA is created by varying the process parameters during the fabrication of the membranes. Different anodizing voltages were applied to the pure aluminum metal substrate during the growth of the NCA; thus in effect large pores extend virtually through the whole bulk of the oxide, except for a thin layer at one end where small pores prevail. 13 A long-range hexagonal arrangement of pores can be established for the pores, though pentagonal and heptagonal arrangements can also be observed. These arrangements are due to the mechanism of the pore growth during anodization of the aluminum substrate.
14 Hexagonal arrangements results from the hcp basal plane of the starting aluminum foil and the attrition due to anodization, which starts from the center and the six corners of the hexagonal base. Pentagonal arrangement results when two of the surrounding pores are fused together and heptagonal arrangement can result when a pore has suffered incomplete attrition compared to others. Barnard et al. 15 calculated the width of the walls from the porosity data provided by the manufacturer assuming an ideal hexagonal array of pores. The values obtained in this way are only for the filtration side of the NCA and are compared with our observations from SEM. The thicknesses of the pore walls obtained in this study are in good agreement with the theoretical values calculated by Barnard et al. which reported 69, 50, and 15-18 nm for NCA200, NCA100, and NCA20 templates. However, on the reverse side, the average thickness of the walls show different values of 112, 96, and 92 nm for NCA200, NCA100, and NCA20 templates, respectively. To define the matrix of nanowires in alumina, the width of the pore wall is important since it actually reveals what will be the separation among the nickel nanowires inside the alumina matrix. In order to understand the magnetic interaction among the nickel nanowires, the separation among the wires needs to be measured, which turns out to be the width of the pore walls. Since, the amount of pentagonal arrangement within hexagonally arranged nanowires is ϳ1% -2%, 12, 16 it can be ignored as an effect on the overall magnetic behavior.
The effect of random disorder ͑from an ideally ordered hexagonal array͒ and surface morphology of nickel nanowires on magnetic properties was investigated by several groups. [17] [18] [19] It was shown by simulation that the random disorder resulted in the requirement of higher magnetic field to reach saturation when compared to ideal hexagonal array. Due to the disorder in some places, the nanowires come closer to each other and a dipole-dipole asymmetric interaction governs the requirement of larger magnetic field to reach saturation and resulted in a reduced remanence, while coercivity remained unchanged. 17 While measuring magnetization process using SQUID magnetometer we measured the overall magnetic properties of any sample. Since the length of the branched filtration side of the template is only 3 -5 m as opposed to the overall 60 m and as the aspect ratio ͑length/diameter͒ of the nanowires is quite high ͑ϳ200͒, the influence of disorder of nanowires on magnetic behavior is not evident in the magnetic measurements. Furthermore, the effect of the random disorder in the hexagonal arrangement and the deviation in the circularity of the nickel nanowires on the overall magnetic properties are nullified in the present study due to the use of the same templates to fabricate these nanowires. Figure 2͑a͒ shows the SEM image of the nickel nanowires embedded inside alumina after the template was partially removed by NaOH etching. The image was taken at a 45°angle to the template. Figure 2͑b͒ shows a typical SEM image of the top of nickel nanowires fabricated at 40°C inside NCA200 template. The nickel wires in NCA200 typically have diameters that are comparable to the pore diameter. The density of the wires is about 10 8 cm −2 . Figure 2͑c͒ shows the sample fabricated from 60°C electrolyte where self-similar growth can be observed in each individual nanowire. SEM observation on different areas of the electrodeposited templates confirmed that nearly 95% pores of the NCA were filled with nickel. Hence, the Ni volume fraction in each NCA sample was considered to be similar to the porosity value of that template, which is 50% for NCA200.
A. Electron microscopy
TEM analysis revealed a wide range of grain sizes in nickel nanowires. Figure 3͑a͒ shows the dark field image of low temperature sample with corresponding selected area diffraction ͑SAD͒ pattern in the inset. Grain size ϳ150 nm was visible in several areas of individual wires. Some of the metal grains were found to be faceted as at E in Fig. 3͑a͒ that extends across the diameter of the wire. The SAD pattern showed in the inset of Fig. 3͑a͒ confirmed the Fig. 3͑c͒ . Figure 3͑d͒ shows the bright field image of nickel nanowires fabricated at a deposition temperature of 60°C. To delineate the inherent morphology of each individual nanowire, the cross sections were obtained by FIB milling from the middle of the wires, which is shown in Fig. 3͑e͒ . It is surprising to note that higher deposition temperature resulted in ultrafine grain structure with average size of 22 nm, where the size of maximum number of grains is ϳ10 nm as analyzed in the histogram of Fig. 3͑f͒ . This necessarily means that self-similar growths observed in SEM images were mainly composed of nanogranules, formed by the random walk of depositing ion as evidenced in the case of other diffusion limited aggregation processes.
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B. Magnetic properties
The nickel nanowires grown inside the alumina templates can be qualitatively classified according to the predicted magnetic phase diagram 7 cooperative to noncooperative magnetic interactions with respect to their crystallite sizes and wire diameters. According to the phase diagram, in the present work, wires deposited at 40°C should exhibit three dimensional noncooperative interactions because of their grain size ͑ϳ108 nm͒ which is comparable to the wire diameter and much higher than the domain wall width, whereas samples plated at 60°C are supposed to show three dimensional cooperative interactions, which has average grain size of 22 nm, lower than the domain wall width. TEM and XRD results indicate that nickel nanowires are polycrystalline as shown in Figs. 3 and 4 . Therefore, the magnetocrystalline anisotropy contribution to the hysteretic behavior needed to be evaluated. The following equation was used to determine the effect of magnetocrystalline anisotropy contribution in comparison to shape anisotropy contribution: 22, 23 
where p is the geometric packing density for ideal hexagonally arranged array of pores, K eff is the effective anisotropy constant, K 1 is the magnetocrystalline anisotropy constant ͑for nickel it is −4.5ϫ 10 3 J m −3 ͒, and M s is the saturation magnetization of nickel. For a hexagonal array of nanowires:
Here D p is the pore diameter and D cell is the hexagonal cell diameter. An illustration of the effect of the crystalline anisotropy in the effective anisotropy ͑K eff ͒ is shown in Fig. 5 as a function of packing density of nickel nanowire in alumina matrix. The solid line is solely determined by the shape anisotropy and the influence of the crystal anisotropy shifts the line to lower or higher values assuming solely parallel or perpendicular crystal anisotropy with K 1 value for bulk nickel, that is, ͑111͒ plane parallel or perpendicular to the nanowire axis. So it can be concluded that the crystal anisotropy has little or no effect compared with that of the shape anisotropy. This is due to the fact that in case of nickel nanowires, the shape anisotropy constant ͑K s = 7.4ϫ 10 4 J m −3 ͒ is one order of magnitude greater than the crystalline anisotropy constant ͑K 1 = −4.5ϫ 10 3 J m −3 ͒ and opposite in sign. As a result the effective anisotropy field is only due to the shape anisotropy in the nickel nanowire matrix and can be written as H keff = H ks =2M s = 242.057 kA m −1 ͑3041.7 Oe͒. The comparison between crystalline and magnetoelastic anisotropies is frequently used for continuous films and bulk sample of Ni. In case of nanowire grown in porous template, the contribution to magnetoelastic anisotropy arises mainly from the mismatch of thermal expansion coefficients of metallic nanowires and the ceramic/polymer matrix. These are apparent in reported samples measured from room temperature to ϳ5 K. 19, 24, 25 In the present study all the magnetic measurements were carried out at room temperature ͑ϳ300 K͒ generating negligible magnetoelastic anisotropy compared to lower temperature. However, the strain of the samples fabricated at two different temperatures ͑40 and 60°C͒ was calculated from the slow scan XRD. Lattice expansion or contraction is usually expressed in terms of ⌬a / a 0 , where a 0 is the lattice constant of the strain-free material. ⌬a / a 0 is related to macrostrain ͑mean strain͒ and deformation stacking fault probability ␣Ј as ⌬a / a 0 = + G␣Ј, where G is a constant depending on ͑hkl͒ and the structure of the material. 26 However, the occurrence of the deformation faults in thin films is negligible. 27 So, the sec- ond term in the above equation can be ignored. The strain component n normal to the film surface can therefore be calculated directly from the lattice constants a and a 0 . The macrostrain values obtained for low and high temperature samples are about ϳ0.1% and hence we neglected the magnetoelastic contribution to anisotropy in both cases. Room temperature magnetization curves of electroplated Ni nanowires prepared at different temperatures are shown in Fig. 6 . The internal field ͑H int ͒ is obtained using demagnetizing field correction according to the equation
Here, we use an effective demagnetizing field 28 D eff = D + f͑DЈ − D͒, where D is the demagnetizing factor of an individual wire, DЈ is the overall demagnetizing factor for the membrane, and f is the fill factor ͑0.7͒. Thereby, we obtain effective demagnetizing factors D eff Ќ = 0.7 and D eff ʈ = 0.15, along and perpendicular to the wire axis, respectively. The comparison between low and high temperature samples revealed that when deposition occurred from an electrolyte having solution temperature of 60°C, the orientation showed the peak intensities as ͑111͒ Ͼ ͑200͒ Ͼ ͑220͒. Deposition from a lower bath temperature ͑40°C͒ showed an orientation as ͑111͒ Ͼ ͑220͒ Ͼ ͑200͒. The wires deposited at 40°C showed a stronger ͑220͒ preferred orientation as opposed to ͑200͒ at 60°C. The magnetic easy and hard axes of bulk Ni lie along the ͓111͔ and ͓100͔ directions, respectively. 29 XRD patterns of both samples prepared at 40 and 60°C ͑Fig. 4͒ show a preferential texture ͓111͔ compared to ͓200͔ and ͓220͔. The ͓111͔ direction being the same as the wire growth, it is expected that the easy axis will lie along the nanowire. On the other hand, for 60°C sample, the ͑200͒ peak being more intense as oppose to ͑220͒, the growth along the hard direction ͓100͔ was more preferred than the 40°C sample. This justifies the nanogranular growth leading to self-similar morphology in 60°C samples, whereas large single crystalline growth along the wire direction was observed in 40°C samples. This is further corroborated from the magnetic measurements as depicted in the later section.
Magnetization of the wire shows systematically a slow dependence on field for H int Ͼ H c ͓Fig. 6͑a͔͒ in samples prepared at low temperature ͑40°C͒, which can be interpreted in terms of microstructure of the deposits. Sample prepared at low temperature consists of long continuous polycrystalline wires with length of up to 60 m. The typical domain wall width, l w =2 ͑A / K 1 ͒ 1/2 ͑where A is the exchange stiffness͒ of Ni is about 22-28 nm, 30 and thereby the multidomain structure within a single wire is likely to form. In fact, single domain nanowires are usually obtained in wire with diameter smaller or the same order as l w ͑26 nm͒ and show coercivity of about 100 mT. 31, 32 We obtained coercivity values of 7-15 mT for low temperature samples ͑having grain size of the order of 108 nm͒, which are about ten times smaller than single domain coercivity. The magnetization reversal mechanism occurred by nucleation followed by domain propagation along the easy axis. There is a considerable density of defects in large crystallites ͑Fig. 3͒, so it requires a larger magnetic field to fully align the magnetization. The propagation of the domain is pinned by the crystallographic defects and the magnetization slowly saturates with applied field.
In contrast, high temperature samples showed a coercivity of 5-10 mT ͑see Fig. 7͒ . In case of constricted growth of nanowires within porous membrane, it was reported that when the diameter of the nanowires is greater 50 nm, curling is the preferred magnetization reversal mechanism and when the diameter of the nanowire is less than 30 nm, the magne- FIG. 6 . Room temperature magnetization curves measured along Ni nanowire electroplated into 200 nm alumina pores templates when field is applied parallel and perpendicular to the wire axes fabricated at ͓͑a͒ and ͑c͔͒ 40°C and ͓͑b͒ and ͑d͔͒ 60°C electrolyte temperatures.
tization reversal mechanism switches to coherent rotation. 33 In high temperature samples the wires are formed by an agglomeration of particles with an average diameter of 22 nm ͑the maximum number of grains is ϳ10 nm͒, which is lower than domain wall size. In this case, the magnetic behavior can be understood in terms of an ensemble of fine particles with relatively random easy axis orientation. Therefore, the switching mechanism is supposed to occur by continuous rotation of magnetization as in a single domain particle. However, due to the imperfections caused by the nanostructures, the reversal mode seems to be localized, which reduces the coercivity. 34 The localization length depends on the wire nanostructure, which goes to infinity for zero disorder and reversal mechanism leads to coherent rotation. In the present case, with the high density of disorder caused by the selfsimilar morphology of the nanogranules, we suggest that the switching mechanism of the magnetization occurs by localized coherent rotation, resulting in lower coercivity. This can be further corroborated by comparing the four hysteresis loop shown in the Fig. 6 where the low temperature sample showed two distinct hysteresis behaviors for field applied parallel and perpendicular to the wire axis. A single stage magnetization curve was obtained for perpendicular applied field compared to the two stage magnetization behavior in case of parallel applied field. On the other hand, in the 60°C ͑high temperature͒ sample, for parallel and perpendicular applied fields, the hysteresis curves showed surprising similarity where both the curves have single slope magnetization. This is due to the self-similar growth of nickel inside the wires, which again are composed of nanogranules having average particle diameter of 22 nm comparable to the domain wall width. These high temperature nickel wires composed of nanometric crystallites are believed to reduce the effect of shape anisotropy as observed in high aspect ratio nanowires and resulted in comparable magnetization curves for field applied parallel and perpendicular to the wire axis. This delineates the first experimental evidence of three dimensional cooperative magnetic interactions among the nanogranules within self-similar morphology of nanowires in both parallel and perpendicular directions.
IV. CONCLUSIONS
In conclusion, we have fabricated nickel nanowires at two different deposition temperatures which influenced the grain structure of the nickel inside the nanowires. The crystal orientation was a function of deposition temperature as well as pore diameter. Magnetic hysteretic behavior showed grain size dependence. The propagation of the domain is pinned by the defects and a two stage magnetization curve was observed for low temperature samples where the grain size is comparable to the wire diameter. In case of high temperature samples, the grain size is comparable to the domain wall size of nickel, where an individual grain behaves as a single domain and thereby the switching mechanism occurs by continuous rotation of magnetization resulting in a single slope. 
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